The hydrogen atoms in hemimorphite, Zn4Si2Û7(OH)2 · H2O, have been located and its crystal structure refined using 415 three-dimensional singlecrystal neutron-diffraction data. The mineral is orthorhombic, space group Imm2, with a = 8.367(5), b = 10.730(6), c = 5.115(3) Â, and Ζ = 2. The structure consists of three-membered rings of corner-sharing Zn(0H)03 ( X 2) and S1O4 tetrahedra arranged in compact sheets parallel to (010). Three oxygen atoms in each tetrahedron are bonded to two zinc atoms and one silicon atom, while a fourth oxygen atom forms a bridging bond to an equivalent cation in an adjacent sheet. The water molecules are oriented parallel to (010) inside large cavities between the tetrahedral sheets and are held in place by hydrogen bonds to and from the hydroxyl groups of the Zn -OH-Zn bridging linkages. Mulliken population analyses calculated using constant bond lengths and the observed angles within and between the tetrahedra allow a rationalization of the bond-length variations in the S1O4 group, but are less successful in the case of Zn(0H)03. Detailed analysis of observed bond length and calculated overlappopulation variations in a variety of tetrahedral oxyanions suggests that the poorer agreement in the case of the Zn tetrahedron is more a function of the larger overall size of the group than of the relative ionic character of the bonds.
Introduction
The crystal structure of hemimorphite has been of interest following the discovery by ZAMBONINI (1908) , and later confirmed by FAUST (1951) , ROY and MUMPTON (1956) and TAYLOR (1962) , that the mineral dehydrates in two stages. Crystal-structure analyses by ITO and WEST (1932) , BARCLAY and Cox (1960) and MCDONALD and CRUICKSHANK (1967) have served to rationalize these dehydration properties by establishing the presence of hydroxyl groups strongly bonded to two zinc atoms, and water molecules located in a series of interconnected cavities parallel to the c axis.
The release of water over the temperature range 400 -650 °C (FAUST, 1951) , without disruption of the structure, represents the loss of the H2O molecules, whereas the breakdown of the structure to β Zn2SiC>4 at about 740 °C is a result of the expulsion of the hydroxyl groups (FAUST, 1951; TAYLOR, 1962) .
Although the positions of the non-hydrogen atoms in hemimorphite are known with moderate precision (MCDONALD and CRUICK-SHANK. 1967 ), the exact location of the hydroxyl and water oxygen atoms, and of course the protons, remains in some doubt. Indeed, MCDONALD and CRUICKSHANK have suggested that the water molecule may be rather free to move inside the cavity and to form hydrogen bonds to a variety of neighbouring oxygen atoms. Since the channels containing the water (and hydroxyl) are parallel to the polar c axis of the cell, a study of the mechanism of dehydration of this mineral is of particular interest. Moreover, TAYLOR (1962) has indicated that the product of complete dehydration of hemimorphite shows a marked preferred orientation with preservation of the repeat distance in the c-axis direction. The present neutron-diffraction study was initiated in order to locate the protons associated with the water molecule and hydroxyl group as a preliminary to a detailed x-ray study of the structure as a function of temperature. We also plan to undertake an analysis and comparison of the experimental chargedeformation distribution with theoretical electron-density maps obtained from accurate molecular-orbital theory.
Experimental
The sample selected for data collection was a 31 mg transparent fragment of hemimorphite from Chihuahua, Mexico, displaying welldeveloped {010} faces, and having approximate dimensions 1.6 χ 2.6 X 2.1 mm. The crystal was oriented with the c axis parallel to the φ axis of a fully automated Electronics and Alloys four-circle diffractometer at the CP-5 reactor at Argonne National Laboratory. The unitcell parameters were refined by least-squares methods to give the best Density measurements were made by the volume displacement method (in toluene) using six crystals in the range 21-58 mg and yielded a value of 3.475(10) g cm -3 : the calculated density based on the ideal formula Zn 4 SÌ20 7 (0H)2 · H 2 0 and Ζ = 2 is 3.484 g cm" 3 .
Several samples of hemimorphite with weights in the range 158-277mg were held at a temperature of 800 °C for several hours and yielded weight losses between 7.3 and 7.8°/o, again consistent with the presence of a single H2O group in the ideal formula (theoretical leight loss = 7.48°/o). Intensity data for the structure analysis were collected at 22 ± 2°C using a neutron wavelength 1.142(1) Â produced by diffraction from the (110) plane of a Be monochromator crystal 2 . Each reflection was step-scanned using the 0-2 θ technique at 2 θ intervals of 0.1° over a scan range of width 4.2-6.4° in 20. Backgrounds were determined from stationary counts taken at both ends oi the scan. A total of 818 reflections of the types hkl and hkl, consistent with a body-centered lattice, were collected to a maximum (sin θ)/λ = 0.72. Two reflections were measured every 50 regular reflections in order to monitor crystal and instrument stability: their integrated intensities were observed to have a maximum random variation of 2.1°/ 0 . The intensity of each reflection was corrected for background, Lorentz, polarization and absorption effects using a μ value of 0.913 cm -1 (the corresponding transmission factors ranged from 0.83 to 0.88). All data were placed on an absolute scale by calibration with a well-characterized NaCl crystal using a method described by PETERSEN et al. (1974 
Loction of hydrogen atoms and refinement
Refinement of the heavy-atom positions and isotropic temperature factors was initiated in space group Imm2 using the atomic coordinates 1602 (2) 2055 (1) 6362 (4) 38 (1) 0(2) 0 1669 (2) 1938 (4) 27 (2) 0(3) 3050 ( (7), close to the ideal value of unity expected for a data set placed on an absolute scale. The major positive and negative peaks in a Fourier difference synthesis were all located in the immediate environment of the water molecule but had maximum magnitudes somewhat less than 13°/o of the density of peaks corresponding to 0 and H atoms. The residual nuclear density may be a function of a small quantity of excess water present in a slightly different orientation within the channels, but could also be indicative of a minor amount of positional disorder in a single H 2 0 species.
Values for F 0 and F c ( X 100) are listed in Table 1 . Atomic coordinates and thermal parameters along with their standard deviations estimated from the variance-covariance matrix are given in Table 2 . The root-mean-square components of thermal displacement, and thermal-ellipsoid orientations appear in Table 3 . The coherent neutron-scattering amplitudes used during least-squares refinement for Zn, Si, 0 and H were respectively 0.57, 0.42, 0.580 and -0.374, all in units of 10~1 2 cm (BACON, 1972) . Programs utilized for solution, refinement and geometry calculations were local modifications of DA-TALIB, DATASORT, FOURIER, ORFLS3, ORFFE3 and ORTEP2 4 .
Discussion of the structure
Hemimorphite crystallizes with the topology displayed in Fig. 1 and the bonding dimensions summarized in Table 4 . The framework consists of an assembly of three-membered rings of corner-sharing Zn(0H)03 (X2) and S1O4 tetrahedra arranged in compact sheets, parallel to (010). Three of the oxygen atoms in each tetrahedron are bonded to one silicon and two zinc atoms, while the fourth oxygen (or, in the case of the zinc polyhedron, the hydroxyl group) forms a bridging bond to an equivalent cation in an adjacent sheet. The crosslinking of the sheets produces additional rings of four, six and eight tetrahedra and forms a series of large cavities connected along the (010), and are held in place by hydrogen bonds to the hydroxy 1 groups (Fig. 2) . On heating, it is apparent that the H2O molecule is able to pass through the 6-membered ring (possibly by a process of proton exchange with the hydroxyl group) into an anjacent (vacated) cavity above or belong it in the c-axis direction without disruption of the structure. Although the nuclear coordinates determined in the present study (Table 2) for the atoms not involved in bonds to hydrogen are similar to the values derived by x-ray diffraction as reported by MCDONALD and CRUICKSHANK (1967) , the positions of the oxygen atoms of the hydroxyl group, 0(3), and water molecule, 0(5), differ by 0.03 and 0.07 A, respectively. The significance of these differences is, of course, markedly reduced by the large e.s.d.'s associated with the atomic coordinates in the earlier study, but it is interesting to note that in the case of 0(3) and 0(5) the oxygen position in the x-ray study is displaced, relative to the neutron diffraction position, toward the region of space expected to be occupied by the oxygen lone pair electrons. Similar shifts due to asphericity of the electron distribution, as determined in the x-ray study, have been reported in a number of other structures containing terminal Ο, Ν and Η atoms (see, for example, COPPENS, 1977) , but the magnitudes of the nonhydrogen-atom displacements in these instances are only about 0.01 Â. We are at present collecting a set of room-temperature x-ray data in an attempt to verify the apparently larger shift observed for the more isolated watermolecule oxygen atom in hemimorphite. The 0(5) atom lies slightly below the center of a rectangle of nearest-neighbor 0(3) atoms in the plane at y = 0 (Fig. 2) . Based on the relative sizes of the angles subtended by the 0(3) atom pairs above and below 0(5), MCDONALD and CRUICKSHANK (1967) inferred that the water-molecule protons are directed towards the 0(3) atoms below 0(5) in the unit cell but in positions considerably displaced from the 0(5) -0(3) lines. In fact, the present study indicates that the H2O group is oriented in the reverse direction, and although the 0(5)-H(53) · · · 0(3) angle does deviate significantly from 180° (Table 4) , the value is only slightly smaller than the mean angle (164 c ) documented for hydrogen bonds in other structures (BAUR, 1970a) . The 0(3)-H(35) · · · 0(5) angle, on the other hand, is much wider (175°). Indeed, the orientation of the water molecule appears to be controlled by the arrangement of the Zn-0(3)-Zn linkage which dictates that the H(35) atom is directed in the positive z-axis direction in an attempt to fulfill the requirements of sp 2 hybridization on 0(3). The H(53) atoms respond to this situation by positioning themselves on the opposite side of 0(5), in which arrangement they are able to form hydrogen bonds to 0(3) from below. Since H(35) is bonded to the bridging 0(3) atom in a Zn-O-Zn linkage, it is not surprising that its thermal vibration parameters are lower and its hydrogen bonds to 0(5) therefore stronger than those involving the H(53) atom. Under these circumstances the observed location of the 0(5) atom in a site closer to the 0(3) atoms below it in the unit cell is to be anticipated. However, both sets of hydrogen bonds are relatively long (Table 4 ) and would not be expected to anchor the H2O group firmly in one place. Nevertheless, the absence of any significant peaks of residual nuclear density suggests that the H2O group is not disordered over a number of markedly different sites within the cavity as suggested by MCDONALD and CRUICKSHANK (1967) . Instead, the rather narrow H(53)-0(5)-H(53) valence angle, together with the large thermal parameters for H(53), indicates that the protons are disordered over a few closely spaced sites, each of which violates the overall mm2 symmetry of the cavity but lies within the observed "thermal" ellipsoid of vibration. With this in mind it is interesting to note that the 0(3)-H(35) bond distance of 0.957(7) Â is close to the mean value (0.96 Â) in other structures (BAUR, 1970a) , whereas the 0(5)-H(53) distance of 0.888(17) Â is at the lower limit of the observed range. When these bond lengths are corrected for thermal motion under the "riding" approximation of BUSING and LEVY (1964) , the values increase to 1.103(7) and 0.95(2) Á," respectively. MCDONALD and CRUICKSHANK (1967) were able to justify the classification of hemimorphite as a framework structure rather than as a pyrosilicate (first proposed by ZOLTAI, 1960) by drawing attention to the approximate equality of the Si-O bond lengths in the pyrosilicate ion, and to the likelihood of sp 2 hybridization of the orbitale on 0(1) and 0(2) due to the close proximity of their valence angles to 120° (Table 4) . Of course, the small range in Si-0 bond lengths may also be rationalized in terms of an electrostatic model since all the oxygen atoms are completely charge balanced (BATJR, 1970b) . However neither of these models is able to account for the relatively large range in Zn-O bond lengths from 1.935 to 1.980 À. Therefore, in view of the apparent success of extended Hiickel theory (EHT) in accounting for structural trends in a number of moderately complex systems (GIBBS et al., 1972; TOSSELL and GIBBS, 1977) we were tempted to apply these concepts to the Si and Zn tetrahedral oxyanions in hemimorphite.
Molecular-orbital study
All calculations were performed with the program originally written by HOFFMANN (1963) assuming a minimum-valence sp basis for Si, Zn and O, and an s basis for H, with the corresponding valenceorbital ionization energies and Slater orbital exponents listed in Table 5 . In an attempt to account for the influence of the surrounding framework on the individual Τ-0 bond lengths within each tetrahedron, the "first coordination sphere" of tetrahedral groups was included in the calculations in both instances: the theoretical basis for the neglect of more distant atoms has been discussed by KIER (1968) In addition, since shorter bonds necessarily tend to produce larger overlap populations, we have removed this Although the calculated value of n(T-O) cannot be regarded as the actual number of electrons localized in the internuclear region, the general belief that they are closely related (COUL-SON, 1970 ) is consistent with the above results. Encouraged by the discovery that the correlation between d(Si-O) and n(Si-O) was not as well developed when the calculation was repeated without the influence of the zinc tetrahedra (i.e., on the S12O7 6-group alone), we were surprised to find that EHT was not able to rationalize the bondlength variations within the ZnC>4 group at the center of the SieZnsH 21^ cluster (Fig. 3b) . With the removal of the proton, from consideration, EHT successfully predicts that the Zn -0(3) bond should be the shortest, and also that 0(3) is the point of attachment of the proton (by assigning a significantly larger value of calculated electrical charge to that atom), but the lengths of the other bonds remain essentially independent of overlap population (Fig. 36) . In both cases the results were unaffected by the inclusion of the completely filled 3d orbitale on the zinc atoms. Earlier studies of the isolated tetrahedral oxyanions of a large number of second-, third-and fourth-row elements have indicated that a moderate to very strong correlation exists between n(T-O) and <0-T-0>3, the mean of the three Ο-Τ-O angles common to the bond (LOUISNATHAN and GIBBS, 1972; TOSSELL and GIBBS, 1977) . The results of these calculations have been used to rationalize similar correlations observed between d(T-O) and <0-T-0>3 in more than 100 precisely determined crystal structures containing the corresponding TO4»-groups. In both cases the correlation is observed to increase from left to right along each row of the periodic table. In other words, for a given range of <0-Τ-0>3 the range of observed bond lengths, Ad(T-0), and of calculated bond-overlap populations, An(T-O), is greater for B, S and Se than for Τ atoms of lower electronegativity in the same period (TOSSELL and GIBBS, 1977) .
In the past it has been suggested that these trends are a reflection of a general increase in the directional properties of the bond as the electronegativity difference between the bonded atoms decreases along each period (TOSSELL and GIBBS, 1977) . The poor correlations obtained above for the zinc cluster in hemimorphite, and also from an analysis of the relationship between »(Zn-0), d(Zn-O) and <0-Zn-0>3 in a number of other precisely determined crystal structures (HILL and GIBBS, in preparation) are, therefore, consistent with the overall trend observed for the fourth-row elements. However, in spite of the fact that the electronegativity of Si is only slightly larger than that of Zn, EHT was clearly far more successful in rationalizing in spite of the fact that the electronegativity of Si is only slightly larger than that of Zn, EHT was clearly far more successful in rationalizing the bond-length variations for the silicate cluster. Indeed, the intraperiod relationship for An (T-0) and Ad(T-O) with electronegativity consistently breaks down for elements in different periods, even though the bonds may be predicted (PAULING, 1960) to have the same degree of covalent character. For example, small changes in <0-T-0>3 (Fig. 4a) . Despite the fact that EHT is based on a totally covalent-bonding model and would therefore be expected to be strongly influenced by the electronegativities of the atoms incorporated into the calculations, values of Δη(Τ -O) far all tetrahedral oxyanions studied show a monotonie dependence on d(T -O) which is very similar to the relationship between Ad(T-O) and d(T-O) (Fig. 46) . Indeed, this same relationship may be replicated by artificially changing the bond length over the range i .4 to 2.0 A for any of the TO\ n~ group considered. In Fig. 46 the relationship between Δη{Τ-0) and d(T-0) for Τ = Zn and Si have been plotted over the entire range of d(T-0) values. The displacement of the two curves is a reflection of the different VOIP's and Slater exponents used to characterize the orbitale in the EHT calculations, but their overall shapes are remarkably similar. Therefore, although the observed changes in bond length may indeed be rationalized in terms of changes in bond-overlap population [Ad(T-O) and An(T-0) are linearly related with a correlation coefficient of 0.86], the fact that Δη(Τ-O) is essentially independent of the exact EHT parameterization suggests that these changes are really a geometric function of orbital overlap.
Under these circumstances, the success with which EHT is able to simulate changes in bond length within tetrahedral oxyanions is not so much a function of the classical (Pauling) covalent character of the bond, but of the overall size of the tetrahedral oxyanion itself. For large TO4 n~ groups, like the zinc tetrahedron in hemimorphite, orbital overlap is little affected by changes in Ο-Τ-0 angle, and in these cases the observed bond-length distortions probably reflect the influence of other factors, perhaps electrostatic in nature, not modelled in the EHT calculation. ing our attention to the possible influence of tetrahedral oxyanion size on the sensitivity of overlap population to valence angle changes. We also thank Mrs. RAMONDA HAYCOCKS for typing the manuscript and Mrs. SHARON CHIANG for drafting the figures.
